megalovirus promotes the activation of TGFβ1 in human umbilical vein endothelial cells by MMP2 after endothelial mesenchymal transition.
Introduction
Human cytomegalovirus (HCMV) belongs to the β-herpes virus family and is a double-stranded DNA virus. Human cytomegalovirus infection is very common all over the world, and the virus will remain in the body for the rest of one's life once infected. It has been found that HCMV is associated with a variety of cardiovascular diseases such as atherosclerosis (AS), coronary heart disease and hypertension. [1] [2] [3] [4] [5] [6] Human cytomegalovirus infection is also related to the dysfunction of vascular endothelial cells (VECs). [7] [8] [9] Antiviral drugs, including ganciclovir, can reduce the risk of a heart transplant-associated AS. 10 Human cytomegalovirus infection can also aggravate AS. [11] [12] [13] [14] However, the mechanism of HCMV infection in cardiovascular disease is still unclear.
Vascular endothelial cells are an important regulatory factor that can participate in a variety of physiological and pathological processes of cardiovascular disease. Recent studies have shown that endothelial dysfunction and its associated cardiovascular diseases can be induced through a process known as endothelial mesenchymal transition (EndMT). 15 In the process of EndMT, endothelial cells (ECs) lose specific endothelial markers, such as vascular endothelial cadherin (VE-cadherin) and leukocyte differentiation antigen 31 (CD31), obtain the mesenchymal cell markers alpha smooth muscle actin (α-SMA), fibroblast specific protein 1 (keratin) and fibronectin, and acquire migratory, invasive and proliferative phenotypes. EndMTderived fibroblasts are increased in advanced atherosclerotic plaques, and there is a clear association between EndMT and the progression of AS. [15] [16] [17] Endothelial mesenchymal transition is involved in the process of AS plaque formation and promotes the expression of cardiac fibroblasts and collagen. It is one of the major factors of myocardial fibrosis. 18 The occurrence of EndMT is regulated by many cytokines; transforming growth factor β1 (TGF-β1) is the key cytokine for the development of EndMT and an important cytokine in vascular pathophysiology. 19 Increased TGF-β1 can promote the occurrence of cardiovascular diseases, such as pulmonary hypertension (PAH) and AS, and blocking the expression of TGF-β1 can inhibit the PAH process and the formation of unstable AS plaques. 20 Cytomegalovirus infection can increase the expression of TGF-β1, but TGF-β1 is always in an inactive latent state. 21 The activation factors of latent TGF-β1 mainly contain protease (plasmin), metalloproteinase (MMPs), thrombospondin (TSP-1), α v β 6 , and α v β 8. 22 In the HCMVinfected placenta, HCMV induces TGF-β1 and collagen IV expression by α v β 6 . 23 Thus, HCMV-infected VECs may be involved in the pathogenesis of AS by inducing the expression or activation of TGF-β1. In this study, we observed the changes of endothelial cells after HCMV infection and EndMT induced by TGF-β1, and we explored the possible mechanism of HCMV infection in the pathogenesis of cardiovascular disease.
Material and methods

Cells and virus
Human umbilical vein endothelial cells (HUVECs), human embryonic lung fibroblasts (HELF) and mink lung epithelium cells were purchased from ATCC (Manassas, USA). Human umbilical vein endothelial cells were cultured with human endothelial serum-free medium containing bFGF (20 ng/mL), EFG (10 ng/mL) and human plasma fibronectin (10 µg/mL) (Life Technologies, Carlsbad, USA) at 37°C. Human umbilical vein endothelial cells were randomly divided into the HCMV TR-infected group, uninfected group, HCMV-infected +raTGF-β1 treatment group, and raTGF-β1 treatment group. Human embryonic lung fibroblasts and mink lung epithelium cells were cultured with Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (Life Technologies) at 37°C. Mink lung epithelium cells were used to detect TGF-β1 activity.
The HCMV TR virus strain was cultured in HELF cells. The supernatant of the viral culture was centrifuged at 4°C, 16,000 × g for 2 h, and the virus was resuspended with human endothelial serum-free medium (SFM) and stored at -80°C. The virus was placed in a crosslinked chamber (Bio-Rad, Hercules, USA) and irradiated with 150 mJ UV rays to inactivate the virus. The titer of the virus was titrated in HELF cells by detection of early antigen fluorescent foci (DEAFF).
Reagents
Recombinant human active TGF-β1 (raTGF-β1), Quantikine human TGF-β1 enzyme-linked immunosorbent assay (ELISA) kit and TGF-β1 blocking antibodies were purchased from R&D Systems (Minneapolis, USA); Luciferase assay kit and β-galactosidase detection kit were purchased from Promega Corp. (Madison, USA); RNeasy kit was purchased from Qiagen (Valencia, USA); RT 2 First Strand Kit, SuperArray Human Extracellular Matrix PCR Array and human matrix metalloproteinase 2 (MMP-2) shRNA kit were purchased from SA Biosciences (Frederick, USA); GM6001, rabbit anti-MMP-2 antibody (AB19167), rabbit anti-MT3-MMP antibody (AB853) and mouse anti-αvβ6 blocking antibody (MAB2077Z) were purchased from Merck Millipore (Billerica, USA); anti-GFP antibody, AlexaFluor conjugated phalloidin and secondary antibodies, and SuperScript III kit were purchased from Invitrogen (Carlsbad, USA); Cytogam was purchased from CSL Behring (King of Prussia, USA); Nucleofector device and transfection kit V were purchased from Amaxa (Gaithersburg, USA); RT-PCR primers were purchased from Applied Biosystems (Waltham, USA); fibronectin (Hs.01549976_m1), MMP-9(Hs.00957562_m1), AD-AMTS1 (Hs.00199608_m1), TGF-β1 (Hs.00932734_m1), collagen 5A1 (Hs.00609088_m1), MMP-2 (Hs.01548733_ m1), thrombospondin-1 (Hs.00170236_m1), 18S RNA (part #4333760-0904029), mouse anti-MMP-2, mouse anti-TIMP-2, and rabbit anti-MT1-MMP polyclonal antisera were purchased from Abcam (Cambridge, UK); mouse anti HCMV, IE1 and p52 monoclonal antibodies were provided by Dr. Gan (Anhui Medical University, Hefei, China).
Detection of virus titer
Human embryonic lung fibroblasts and HUVECs were inoculated in 6-well plates; HCMV was inoculated in the cells according to multiplicity of infection (MOI) = 1 and the cells were cultured at 37°C for 1 h. They were washed with phosphate-buffered saline (PBS) 3 times, and culture medium was added into them; the supernatant and cells were collected daily for 6 days and then stored in -80°C. The cells were resuspended with 0.5 mL of PBS, and the titer was detected using DEAFF after serial dilution. The titer of the supernatant was also detected using DEAFF after serial dilution.
Immunofluorescence staining
Human cytomegalovirus TR virus was inoculated in the HELF and HUVECs in 24-well plates on coverslips according to MOI = 1 with or without recombinant active TGF-β1 (raTGF-β1, 15 ng/mL) treatment for 6 days. The cells were fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton X-100. They were incubated at 4°C overnight after appropriately diluted primary antibodies were added. Then, they were washed and incubated at room temperature for 1 h with AlexaFluor 488or AlexaFluor 594-labeled secondary antibodies. Then, they were incubated at room temperature for 15 min with AlexaFluor 488-labeled phalloidin and 4′,6-diamidino-2-phenylindole (DAPI), and the slides were mounted after washing and observed under a fluorescence microscope (Olympus Fluoview BX51, Center Valley, USA).
Western blotting analysis
The cells were harvested and lysed with radioimmunoprecipitation assay (RIPA) lysis buffer (PBS containing 1% NP40, 0.1% SDS, 5 mM EDTA, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate, and protease inhibitors) on ice for 30 min with shaking at 12,000 rpm/min. Total cellular protein was collected, and the concentration was determined with a BCA Kit. Equal amounts of protein (25 μg/ well) were separated using 10% SDS-PAGE electrophoresis. Then, it was electrotransferred to the polyvinylidene fluoride (PVDF) membrane. After the transfer, the PVDF membrane was rinsed with TBS for 10-15 min, placed in TBS/T blocking buffer containing 5% (w/v) skimmed milk powder and shaken at room temperature for 2 h. It was incubated at 4°C overnight after adding primary antibodies at the appropriate dilution. Then, the membrane was washed with TBST 3 times (for 5 min each time). The membrane was incubated at 37°C for 1 h with HRP labeled secondary antibody (1:10,000), diluted with TBST containing 0.05% (w/v) skimmed milk powder. The gel was developed with ECL (Perkin-Elmer Inc., Waltham, USA) for 5 min. The protein bands were quantified using an Imagequant LAS4000 (GE Healthcare, Tokyo, Japan).
RNA extraction and RT-PCR
Total RNA was extracted from different groups using the RNeasy kit according to the manufacturer's manual. Their concentration and purity were detected with an Agilent 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, USA). A total of 1 μg of RNA was subjected to reverse transcription using the RT 2 First Strand Kit. Reverse transcription PCR was performed using the FastStart Universal SYBR Green Master (Thermo Fisher Scientific, Waltham, USA). Real-time polymerase chain reaction (RT-PCR) primers were purchased from Applied Biosystems. Reaction parameters were 95°C for 45 s, 95°C for 5 s and 60°C for 30 s, with 40 cycles. The relative expression of genes was calculated using 18S RNA as control. The expression levels of TIMP-2, MT1-MMP and MT3-MMP microRNA (mRNA) in different treated HUVECs were detected using RT-PCR methods; they were performed using Platinum ™ Taq Green Hot Start DNA Polymerase (Life Technologies) according to the instructions. The primers were as follows: TIMP-2 (F:5'-GAGCGAGAAGGAGGTGGATTCCGGG-3'; R: 5'-ATGTCAAGAAACTCCTGCTTCGGGGG-3'); MT1-MMP (F:5′-GGATACCCAATGCCCATTGGCCA-3′; R: 5′-CATTGGGCATCCAGAAGAGAGC-3′); MT3-MMP (F: 5′-ACAGTCTGCGGAACGGAGCAG-3′; R: 5′-GTCAATTGTGTTTCTGTCCAC-3′); β-actin (F:5′-TGAGGATGTCACGGTTCCAG-3′; R: 5′-GTCACCTTCACCGTTCCAGT-3′).
TGF-β1 content detection
Human umbilical vein endothelial cells were seeded in a 24-well plate (2 × 10 4 cells/well) and 6-well plate (1 × 10 5 cells/well), and EndMT in cells was induced after they were treated with raTGF-β1 for 48 h. Then, HCMV was inoculated in the cells according to MOI = 1, and HUVECs without EndMT or HCMV infection were used as the control. Human umbilical vein endothelial cells were infected according to MOI = 2, 4, 6, 8, and 10 to analyze HCMV infection dose; then, they were cultured at 37°C for 1 h and then washed 3 times, and the raTGF-β1 was removed. Then, they were cultured with fresh medium for 24 h, and the TGF-β1 content in the culture supernatant was detected. The activation of luciferase was determined according to reference. 24 The activated TGF-β1 and total TGF-β1 in the cell culture supernatant was quantified using the Quantikine human TGF-β1 ELISA kit and an Ebioscience ELISA kit according to the kit instructions, respectively.
ELISA assay
Transforming growth factor β1 neutralizing antibody (0.5 μg/mL, 1 μg/mL, 2 μg/mL, and 4 μg/mL) was added to HUVECs and they were treated with raTGF-β1 (final concentration 0.6 nM) for 48 h. Human cytomegalovirus TR virus was inoculated in the cells according to MOI = 1, and they were cultured at 37°C for 1 h. Then, the cells were washed 3 times and cultured with fresh medium for 24 h. The TGF-β1 content in the culture supernatant was detected using bioassay of the reporter gene in mink lung epithelial cells. GM6001 (0.5 nM), aprotinin (200 mg/mL), anti-thrombospondin-1 (25 ng/ml) and antiα v β 6 (10 mg/mL) were added to them before raTGF-β1 treatment for 1 h to analyze the effect of different inhibitors on the activation of TGF-β1.
Immunoprecipitation with MMP-2 antibody
Human umbilical vein endothelial cells were infected with HCMV or treated with raTGF-β1 according to the above method. The cells were harvested using centrifugation and lysed with pre-cooled RIPA lysis buffer containing protease inhibitor. Matrix metalloproteinase 2 antibody was added to the cells, which were incubated at 4°C overnight. Then, the protein A-agarose was added and incubated with them, and they were lysed with precooled RIPA lysis buffer. The cells were resuspended, SDS-PAGE loading buffer was added to them, and the resulting solution was boiled. Electrophoresis was carried out with 8% SDS-PAGE gel. TIMP-2, MT1-MMP and MT3-MMP were detected in the cell lysate before and after immunoprecipitation using the western blot method.
MMP-2 shRNA transfection
Matrix metalloproteinase 2 shRNA and its control plasmids were transfected into HUVECs using the Amaxa Cell Line Nucleofector Kit. The cells were treated with raTGF-β1 when a clear green fluorescence was observed in the cells under fluorescence microscopy, and HCMV was inoculated according to MOI = 1. The supernatant and cells were collected with centrifugation. The TGF-β1 content in the supernatant was detected using a bioassay of the reporter gene in mink lung epithelial cells. Matrix metalloproteinase 2, GFP and β-actin expression levels in the precipitate were detected using western blot and RT-PCR methods.
Statistical analysis
The data was expressed as the mean values ± standard error of the mean (SEM). All analyses were conducted using Prism v. 5.0 software (GraphPad, San Diego, USA). To compare 2 groups, we used the Student's t-test.
To compare more than 2 groups, we used one-way analysis of variance (ANOVA) or two-way ANOVA. P-values <0.05 were considered an indicator of a significant difference.
Results
HCMV can proliferate in HUVECs but is not affected by raTGF-β1
A logarithmic increase in the number of progeny viruses was observed in the supernatants and HELF cells, which indicated that HELF supports the proliferative infection HCMV TR (Fig. 1A) . Human umbilical vein endothelial cells also support the proliferative infection of HCMV TR, but the proliferation curve is linear; the progeny virus proliferation was detected only in cells (Fig. 1B) . The proliferation curves of HCMV in raTGF-β1 treated and untreated HUVECs were not different (Fig. 1C) , which was different from the results of HELF cells. Indirect immunofluorescence results showed that HCMV p52 could be expressed in the nucleus of HUVECs, and the distribution was similar to that in HELF (Fig. 1D ). Human cytomegalovirus p52 is a coenzyme of DNA polymerase, and p52 expression indicates that HCMV enters proliferative infection.
HCMV can infect HUVECs with EndMT induced by TGF-β1
Indirect immunofluorescence results showed that the cytoskeletal structure of HUVECs infected with HCMV was oval, which was the same as that of the control group. However, the cytoskeleton changed obviously after they were treated with raTGF-β1, and the elongated mesenchymal phenotype appeared to form a parallel actin stress fiber, while the oval endothelial morphology disappeared. These results showed that HCMV infection can cause EndMT-like morphological changes in HUVECs in the presence of raTGF-β1 ( Fig. 2A) .
Western blot results showed that VE-cadherin was expressed in the HCMV-infected group and the control group, but α-SMA was not expressed in these groups, which is the phenotype of endothelial cells. However, α-SMA was expressed in the raTGF-β1 treatment group and the HCMV and raTGF-β1 co-treatment group, while VE-cadherin was not expressed in these groups, which matches the phenotype of mesenchymal cells. In all raTGF-β1 treatment groups, p-SMAD2 could be detected, but p-SMAD2 was not expressed in the HCMV infection alone group. This suggested that TGF-β1 induced EndMT in HCMV-infected HUVECs also through SMAD2 signaling pathways. Human cytomegalovirus infection could induce the expression of α-SMA and p-SMAD2 without VE-cadherin expression in the presence of raTGF-β1; these changes were consistent with the phenotypic changes of HUVECs with EndMT ( Fig. 2B) .
Reverse transcription PCR results showed that the mRNA expression changes of fibrosis matrix protein in HCMV-infected HUVECs were less than 10 times compared with those of the control group, which suggested that there were no significant changes in cell phenotypes; this was consistent with morphological observations. In contrast, the mRNA expression levels of fibronectin, MMP-9 and α v integrin were significantly increased in the raTGF-β1 treatment groups. The expression level of TIMP-2 in the HCMV-infected group was higher than that in the raTGF-β1 treatment group and the HCMV and raTGF-β1 co-treatment group. The expression levels of ADAMTS1, TGF-β1, β-catenin, collagens, MMPs, TIMP-1, and thrombospondins in the HCMV and raTGF-β1 co-treatment group were higher than that of the HCMV-infected group and the raTGF-β1 treatment group. These results suggested that HCMV infection upregulates the expression of many fibrosis molecules in HUVECs with EndMT induced by raTGF-β1 (Fig. 2C ).
HCMV could induce the activation of TGF-β1 in HUVECs with EndMT
The luciferase reporter gene assay and ELISA assay showed similar results. The luciferase reporter gene assay was more sensitive. The results showed that only a small amount of activated TGF-β1 could be detected in the culture supernatant of HCMV TR-/raTGF-β1-HUVECs and HCMV TR+/raTGF-β1-HUVECs, which suggested that HCMV infection did not induce the upregulation 
HCMV-infected HUVECs
HCMV-infected HUVECs + raTGF-β1 of TGF-β1 activation in HUVECs (Fig. 3A,C) . The content of activated TGF-β1 in the culture supernatant was similar in HCMV TR-/raTGF-β1+, HCMV TR-/raTGF-β1and HCMV TR+/raTGF-β1-HUVECs. These results suggested that activated TGF-β1 could not be upregulated in HUVECs with EndMT induced by exogenous raTGF-β1 (Fig. 3A,C) . The content of activated TGF-β1 in culture supernatant significantly increased in HCMV TR+/raTGF-β1+ HUVECs. These results showed that only HCMV infection or raTGF-β1 treatment could not induce new activation of TGF-β1 in HUVECs; the new activated TGF-β1 could be produced when HUVECs with EndMT were infected with HCMV (Fig. 3B) . The content of activated TGF-β1 gradually decreased in the supernatant of cell culture with the increase of blocking antibodies (Fig. 3D ).
The amount of newly synthesized activated TGF-β1 was positively correlated with the infective dose of TGF-β1 and HCMV
As shown in Fig. 4A , the amount of activated TGF-β1 in the supernatant increased with the increase of the raTGF-β1 amount, but there was no significant change in total TGF-β1 among different groups, which suggested that HCMV-infected HUVECs with EndMT could stimulate the cells to secrete activated TGF-β1 in an autocrine manner. Figure 4B shows that the content of activated TGF-β1 in the supernatant of cell culture increased with the increase of HCMV MOI. Ultraviolet inactivated HCMV did not upregulate the amount of activated TGF-β1 (Fig. 4C) . These results suggested that the binding of HCMV and HUVECs with EndMT did not result in the production of activated TGF-β1, and replication and proliferation of viruses are required in cells.
MMP-2 is involved in the upregulation and activation of TGF-β1 in VECs with EndMT induced by HCMV infection
We found that the activated TGF-β1 decreased by 60% when the HUVECs were treated with GM6001 (p < 0.01), and the activated TGF-β1 decreased by 9% when the HUVECs were treated with aprotinin (p > 0.05). Other blocking agents had no effect on the production of activated TGF-β1. These results suggested that MMP and serine proteases may be involved in the upregulation of activated TGF-β1 in HUVECs with EndMT infected by HCMV (Fig. 5A ). Immunoprecipitation results showed that MMP-2 was bound with TIMP-2 and MT3-MMP, but not with MT1-MMP. These results suggested that HCMV infection may activate MMP-2. Matrix metalloproteinase 2 formed a membrane associated complex with TIMP-2 and MT3-MMP in HUVECs with EndMT, which promoted the formation and secretion of TGF-β1 ( Fig. 5C,E) . Reverse transcription PCR and western blotting results showed that the mRNA and protein expression of MMP-2 decreased significantly after short hairpin RNA (shRNA) transfection (Fig. 5B,D) , and the amount of activated TGF-β1 in the cell supernatant was also significantly reduced (Fig. 5F ). These results indicated that HCMV infection induced the activation of TGF-β1 by activating MMP-2 in HUVECs with EndMT cells. 
Discussion
Endothelial mesenchymal transition participates in many physiological and pathological processes of the cardiovascular system, and endothelial cells are involved in the formation of cardiac valves through EndMT in heart development. 25 Endothelial mesenchymal transition is also involved in the formation of embryonic vascular systems. 26 It is shown that EndMT is related to myocardial fibrosis; the production and accumulation of collagen and cardiac fibroblasts are related to the process of EndMT in patients with myocardial fibrosis. 27 Endothelial mesenchymal transition can promote perivascular fibrosis in diabetic mice. 28 Chen et al. found that TGF-β-induced EndMT could promote plaque growth and increase plaque thickness by increasing the deposition of extracellular matrix and enhancing the expression of adhesion molecules such as VCAM-1 and ICAM-1 in endothelial cells. 18 Pulmonary arterial hypertension (PHA) is a chronic disease caused by accumulation of fibroblasts and the thickening or narrowing of the arterial wall. 29 Recent studies have demonstrated the presence of EndMT in the pulmonary arteries of hypertension, and the accumulation of transformed cells produced by EndMT increases blood pressure and results in cardiac dysfunction and heart failure. 30 Studies have confirmed that TGF-β1 is involved in the pathogenesis of myocardial fibrosis, AS and PHA. Human cytomegalovirus infection may promote the expression of TGF-β1 or increase its activity, and it may also be associated with cardiovascular disease.
In this study, we found that HCMV could infect HUVECs. Human cytomegalovirus infection did not affect the expression level of TGF-β1 in HUVECs; however, the autocrine of activated TGF-β1 in HUVECs could be enhanced by MMP cascade reaction and promote the EndMT of HUVECs. These could promote the development of cardiovascular disease. The autocrine phenomenon helps us understand why elevated levels of TGF-β1 are observed in patients with cardiovascular disease or animal models after infection with HCMV; it also helps promote the pathological process of fibrosis in vivo. 19 It was shown that MMPs were involved in fibrosis-related cardiovascular diseases by degrading the basement membrane, enhancing cell motility, activating cell growth factors, and regulating cell adhesion molecules. 31 It is believed that the regulation of MMP activity will become a new potential therapeutic method for cardiovascular disease. However, the effect of MMPs on cardiovascular disease with HCMV infection has not been further studied. In this study, we found that the trimer formed by MMP-2, MT3-MMP and TIMP-2 can promote the activation of TGF-β1 in HUVECs infected by HCMV, and this may be the mechanism of TGF-β1 activation induced by HCMV infection in VECs.
Epidermal growth factor (EGF) can enhance the migration phenotype of HK-2 cells induced by TGF-β1, and synergistically increase the expression of MMP-9. 32 Interestingly, we found that HCMV infection caused fibrosis in HUVECs after EndMT; HUVECs with endothelial phenotype infected by HCMV could not significantly increase the expression of TGF-β1. This suggests that in normal circumstances, HCMV infection of VECs does not cause the appearance of fibroblasts, which is also consistent with the presence of no cardiovascular changes in asymptomatic patients with HCMV infection.
The effect of HCMV on the extracellular matrix and fibrosis has been verified in heart and kidney transplantation models of infected cytomegalovirus rats. 33, 34 Cytomegalovirus infection can upregulate the expression of a large number of molecules associated with fibrosis and angiogenesis, and HCMV infection could also activate TGF-β1 by the integrin mediated pathway. These mechanisms suggest that HCMV infection of the placenta can alter the extracellular matrix, allow HCMV transplacental translocation, and promote congenital infection. Our results support the possibility that HCMV infection may alter the extracellular matrix in inflammatory conditions. Therefore, under the condition of decreased immune status with local inflammation and EMT caused by TGF-β1 in the host cells, latent infection of HCMV may be involved in the progression of vascular fibrosis by reactivation. These conditions may exist simultaneously in cardiac transplantation or cardiac bypass surgery, but HCMV infection is not necessary for fibrosis in cardiovascular disease, because the presence of TGF-β1 can cause related diseases.
Conclusions
In summary, this study showed that HCMV could infect HUVECs with EndMT induced by TGF-β1. Human cytomegalovirus infection could enhance the autocrine release of TGF-β1 in VECs by an MMP cascade reaction. These findings suggested that HCMV-infected arterial endothelial cells may contribute to fibrosis by activating TGF-β1, which is involved in cardiovascular disease.
